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Materials and Methods 
All samples used in this study were bulk samples prepared via solid a state approach. Raw 
material powders of Zirconium(IV) oxide 99% (ZrO2), Hafnium(IV) oxide 99% (metals basis 
excluding Zr) Zr<1.5% (HfO2), Yttrium(III) oxide 99.9% (Y2O3) and Tantalum(V) oxide 99.8% 
(Ta2O5) were supplied by ABCR GmbH & Co. KG Germany. The nominal compositions are 
achieved by weighing in the correct amount of powder material. After milling and calcination 
(1400 °C for 5h) PVA was added to the powder as a binder. This way a green body was pressed 
and subsequently sintered in a two-step program at 500 °C for 8h followed by 3h at 1500 °C 
under atmospheric pressure. Investigation of the resulting bulk pellet in scanning electron 
microscopy revealed an average grain size of 2-3 µm. Attempts to grow larger grains by 
increasing the time at 1500 °C were successful with up to 10 µm large grains, however those 
samples tend to rupture upon repeated thermal cycling since the grain boundaries are not capable 
of mitigating the stresses caused by the volume change in every single grain. Reduction of the 
sintering temperatures to 1400 °C and below lead to the formation of a separate Y0.5Ta0.5O2 
phase, at least for some concentrations, which has to be avoided as this might act as a hindrance 
for the desired transformation. 
 
Transformation temperatures were determined by DTA (differential thermal analysis) 
measurements. A STA 409 from Netzsch GmbH equipped with a furnace capable of 
temperatures up to 1400 °C was utilized for these measurements. The heating and cooling rates 
where constantly controlled to be 10 K/min. Temperature values for transformations were 
retrieved from the DTA curve by use of the tangent method for the onset of both transformation 
peaks. The thermal hysteresis (∆T) was determined as half the difference between the sum of 
austenite start (As) and finish (Af) temperature and the sum of martensite start (Ms) and finish (Mf) 
temperatures. 
 
The middle eigenvalues were calculated based on the lattice parameters of the samples in 
their martensitic and austenitic states using methods described below. Temperature dependent X-
ray diffraction (XRD) scans were performed with the Rigaku Smartlab 9kW equipped with an 
Anton-Paar DHS 1100 heating stage that allows in-situ XRD measurements in the temperature 
range from room temperature to 1100 °C. Retrieving lattice parameters from the measured XRD 
data was realized using the Rietveld method implemented into the TOPAS v6 software by Alan 
Coelho [S1]. We used the crystallographic data of tetragonal and monoclinic phases close to the 
phase transformation temperature of each concentration to determine the transformation 
matrices. Insertion of the lattice parameters into the transformation matrix for a tetragonal to 
monoclinic transformation with the correct orientation of 2-fold axis allows for calculation of 
determinant in order to get the volume expansions as well as middle eigenvalues and the values 
for cofactor conditions. 
 
Electron backscattering diffraction (EBSD), using the ZEISS 1550VP SEM equipped with 
the Oxford EBSD detector and AztecHKL software, was used to identify and map the phases and 
orientations at the surface of each sample at room temperature. The twinning microstructure was 
imaged and studied using the Fei TF30ST Transmission Electron Microscope; The TEM samples 
were prepared using a Ga+ Focused Ion Beam (FIB, FEI Versa SEM). We carved out nano-
pillars with diameters of 200 nm to 2 µm and an approximately 3:1 aspect ratio that had different 
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orientations and microstructures (martensite, monoclinic vs. austenite, tetragonal) also using the 
FIB from individual grains within a bulk polycrystalline sample. All pillars tested were milled 
from single grains and are multi-variant martensite single-crystalline (see Fig. 3(c-d) for example 
pillars). Quasistatic uniaxial compressions (strain rate ~10-3/s) were performed on these pillars 
using an in-situ nanomechanical instrument (FEI Versa DualBeam SEM and Hysitron PI85), as 
well as a standalone ex-situ nanoindenter (Hysitrin TriboIndenter) to obtain their mechanical 
properties. We performed load- and displacement-controlled experiments to ascertain the 
difference between these loading conditions. 
 
To eliminate the effect of geometric constraints and FIB damage, single grains of the 
monoclinic phase were taken out of whole samples as individual particles to demonstrate the 
one-way shape memory effect. The particles were first heated to 100 K above their respective As 
temperature to reset their shape, cooled down to room temperature (RT), and characterized with 
EBSD. They were subsequently compressed in-situ until there was visible shape change from 
stress-induced martensite rearrangement. The detwinned particles were then heated again to 
above their respective As and cooled for shape recovery. 
 
 
Supplementary Text 
SI, #1. Parameter expressions in Table 1 
The parameters ߪ, ߬, ߩ, ߩҧ, ߟ, ߟҧ, ߦ, ߱, ߚҧ in the stretch tensors in Table 1 are expressed below: 
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The two functions ଵ݃ and ݃ଶare defined as 
ଵ݃ሺݔ, ݖ, ߠሻ ൌ
ݔଶ ൅ ݔݖ sin ߠ
√ݔଶ ൅ ݖଶ ൅ 2ݔݖ sin ߠ 
݃ଶሺݔ, ݖ, ߠሻ ൌ
ݔݖ cos ߠ
√ݔଶ ൅ ݖଶ ൅ 2ݔݖ sin ߠ 
where ߠ is the monoclinic and ߙ ൌ ܽ √2ܽ଴⁄ , ߚ ൌ ܾ √2ܽ଴,⁄  ߛ ൌ ܿ ܿ଴⁄ , ߳ ൌ √2ܽ଴/ܿ଴ in terms of 
lattice parameters of the tetragonal and monoclinic phases respectively. 
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SI, #2. Special symmetry in Mechanism 1a and b 
 
The basis using in the following analysis is a unit orthogonal basis ሼࢋ૚, ࢋ૛, ࢋ૜ሽ with 
ࢋ૚ ൌ ሺ1,0,0ሻ, ࢋ૛ ൌ ሺ0,1,0ሻ and ࢋ૜ ൌ ሺ0,0,1ሻ. We define the tetragonal lattice as ሼࢇ૙, ࢈૙, ࢉ૙ሽ and 
the monoclinic lattice as ሼࢇ, ࢈, ࢉሽ. The lattice parameters of tetragonal phase are at; ct and 
monoclinic phase are a, b, c, β, where b axis is the monoclinic 2-fold axis. In Mechanism 1, the 
2-fold b axis is in [1 1 0] tetragonal lattice direction, i.e., ࢈૙ ൌ √2ܽ௧ ࢋ૚ାࢋ૛√ଶ  and ࢈ ൌ ܾ
ࢋ૚ାࢋ૛
√ଶ . And 
ࢇ૙ ൌ √2ܽ௧ ࢋ૚ିࢋ૛√ଶ , ࢉ૙ ൌ ܿ௧ࢋ૜ 
We claim that in Mechanism 1 there exists two different transformation 
matrices F1,F2 as shown in Fig. 1 that map the tetragonal lattice to the monoclinic lattice. 
 
Fig. S1. Schematic representation of two different Mechanism 1 
 
In Fig. S1, the monoclinic lattices on the left and right are related by a rotation matrix R, 
which shows in Fig. S2. And it means that the two lattices ሼࢇ, ࢈, ࢉሽ and ሼࢇᇱ, ࢈ᇱ, ࢉᇱሽ are actually 
the same lattice. However the corresponding tetragonal lattice vectors are not the equivalent, 
there are two different transformation matrices F1, F2 that map ሼࢇ૙, ࢈૙, ࢉ૙ሽ into ሼࢇ, ࢈, ࢉሽ and ሼࢇᇱ, ࢈ᇱ, ࢉᇱሽ monoclinic lattice in Fig. S1. 
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Fig. S2. The two monoclinic lattices are related by a rotation matrix R 
 
We can write the relationship between ሼࢇ, ࢈, ࢉሽ and ሼࢇᇱ, ࢈ᇱ, ࢉᇱሽ in Eq 1 
 
൭
ࢇԢ
࢈Ԣ
ࢉԢ
൱ ൌ ࡾ ቆ
ࢇ
࢈
ࢉ
ቇ (1)
 
The lattice mapping from ሼࢇ૙, ࢈૙, ࢉ૙ሽ to ሼࢇ, ࢈, ࢉሽ is in Eq. 2 
 ࡲ૚ࢇ૙ ൌ ࢇ 
ࡲ૚࢈૙ ൌ ࢈ 
ࡲ૚ࢉ૙ ൌ ࢉ 
(2)
 
Similarly, the lattice mapping from ሼࢇ૙, ࢈૙, ࢉ૙ሽ to ሼࢇԢ, ࢈Ԣ, ࢉԢሽ is in Eq. 3 
 ࡲ૛ࢇ૙ ൌ ࢇԢ 
ࡲ૛࢈૙ ൌ ࢈ᇱ 
ࡲ૛ࢉ૙ ൌ ࢉԢ 
(3)
 
Let’s define the reciprocal lattice of ሼࢇ૙, ࢈૙, ࢉ૙ሽ as ൛ࢇ૙ୄ෢, ࢈૙ୄ෢, ࢉ૙ୄ෢ൟ given in Eq. 4 
 ࢇ૙ ڄ ࢇ૙ୄ෢ ൌ 1, ࢈૙ ڄ ࢇ૙ୄ෢ ൌ 0, ࢉ૙ ڄ ࢇ૙ୄ෢ ൌ 0 
࢈૙ ڄ ࢈૙ୄ෢ ൌ 1, ࢇ૙ ڄ ࢈૙ୄ෢ ൌ 0, ࢉ૙ ڄ ࢈૙ୄ෢ ൌ 0 
ࢉ૙ ڄ ࢉ૙ୄ෢ ൌ 1, ࢇ૙ ڄ ࢉ૙ୄ෢ ൌ 0, ࢈૙ ڄ ࢉ૙ୄ෢ ൌ 0 
(4)
 
So, the transformation matrices F1 and F2 can be written as Eq 5. 
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 ࡲଵ ൌ ࢇ ۪ ࢇ૙ୄ෢ ൅ ࢉ ۪ ࢉ૙ୄ෢ ൅ ࢈ ۪ ࢈૙ୄ෢  
ࡲଶ ൌ ࢉԢ ۪ ࢇ૙ୄ෢ ൅ ࢇԢ ۪ ࢉ૙ୄ෢ ൅ ሺെ࢈ሻ ۪ ࢈૙ୄ෢  
(5)
 
To check whether the two transformation stretch matrices are the same or not, it is convenient to 
compere the eigenvalues of ࡲଵ் ࡲଵ and ࡲଶ்ࡲଶ 
 ࡲଵ் ࡲଵ ൌ |ࢇ|ଶࢇ૙ୄ෢  ٔ ࢇ૙ୄ෢ ൅ ሺࢇ · ࢉሻ ࢇ૙ୄ෢ ٔ ࢉ૙ୄ෢ ൅ |ࢉ|ଶࢉ૙ୄ෢ ٔ ࢉ૙ୄ෢
൅ ሺࢇ · ࢉሻ ࢉ૙ୄ෢  ٔ ࢇ૙ୄ෢ ൅ |࢈|ଶ ࢈૙ୄ෢ ۪࢈૙ୄ෢
ൌ ܽଶࢇ૙ୄ෢  ٔ ࢇ૙ୄ෢ ൅ ܽܿ sin ߚ ൫ ࢇ૙ୄ෢  ٔ ࢉ૙ୄ෢ ൅ ࢉ૙ୄ෢  ٔ ࢇ૙ୄ෢൯ ൅ ܿଶࢉ૙ୄ෢  ٔ ࢉ૙ୄ෢
൅ ܾଶ࢈૙ୄ෢  ٔ ࢈૙ୄ෢  
ࡲଶ்ࡲଶ ൌ |ࢉᇱ|૛ࢇ૙ୄ෢  ٔ ࢇ૙ୄ෢ ൅ ሺࢇᇱ · ࢉᇱሻ ࢇ૙ୄ෢  ٔ ࢉ૙ୄ෢ ൅ |ࢇᇱ|ଶࢉ૙ୄ෢  ٔ ࢉ૙ୄ෢
൅ ሺࢇᇱ · ࢉᇱሻ ࢉ૙ୄ෢  ٔ ࢇ૙ୄ෢ ൅ |࢈ᇱ|ଶ ࢈૙ୄ෢ ۪࢈૙ୄ෢  
ൌ ܿଶࢇ૙ୄ෢  ٔ ࢇ૙ୄ෢ ൅ ܽܿ sin ߚ ൫ ࢇ૙ୄ෢ ٔ ࢉ૙ୄ෢ ൅ ࢉ૙ୄ෢ ٔ ࢇ૙ୄ෢൯ ൅ ܽଶࢉ૙ୄ෢  ٔ ࢉ૙ୄ෢
൅ ܾଶ࢈૙ୄ෢  ٔ ࢈૙ୄ෢  
(6)
 
As in Eq. (6) for the two Mechanisms 1a and 1b, when we input the real lattice parameters of the 
materials that we study, the middle eigenvalue ߣଶ corresponds to 
 
ܾଶ࢈૙ୄ෢ ۪࢈૙ୄ෢ ൌ
ܾଶ
2ܽ௧ଶ
࢈૙ୄ෢
ห࢈૙ୄ෢ห
۪ ࢈૙ୄ
෢
ห࢈૙ୄ෢ห
. (7)
 
 
But the other two eigenvalues are obviously not the same. So, F1 and F2 are two different 
transformation matrices. That is, in the materials that we study, Mechanisms 1a and 1b are two 
distinct transformation mechanisms with the same middle eigenvalues ߣଶ. 
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SI, #3. Lattice parameter determination from X-ray diffraction measurement 
 
Fig. S3. X-Ray diffraction scans from 20°-65° as seen for the (a) x = 0.6 sample at 30-320 °C 
and (b) x = 0.735 sample at 640-760 °C were used for determination of lattice parameters in the 
monoclinic low temperature and tetragonal high temperature phase. Reflections from the 
tetragonal (T) and monoclinic (M) phase are marked respectively, while those marked by (*) are 
artifacts from the heating chamber. 
 
In order to determine the lattice parameter of a sample, we performed a number of XRD 
measurements for each sample at different temperatures. Ideally a number of measurements were 
made at temperatures below and above the transformation temperatures. That way it is possible 
to observe the development of the lattice with temperature and thereby increase the precision for 
the values determined by refinement. In order to get a reasonable precision for refinement, each 
considered phase should have multiple reflexes in the range of the measurement. Therefore each 
scan, one example is given in Fig. S3 was conducted from 20° to 65° 2θ. The reflexes of the 
tetragonal lattice planes (101), (002), (110), (112), (200), (211) and (202) can be found in that 
range. Due to its lower symmetry in the same range a multitude of monoclinic reflexes can be 
observed. The highest intensities are visible for ሺ111തሻ and (111).  
 
Although the tetragonal phase can be observed at RT in several samples, the tetragonal 
lattice parameters used for calculation of λ2 are only taken from measurements at elevated 
temperature to ensure the lattice is in its austenitic equilibrium state. The Rietveld refinement 
was performed by utilizing TOPAS Software by Alan Coelho. To yield good results for the fit, a 
suitable crystal structure is necessary. In the present case a CIF file for zirconia taken from 
Crystallographic open database (COD) was changed to have the same atomic coordinates for Hf 
and Zr atoms in the unit cell with occurrence of 0.5 each. To further improve the goodness of the 
calculated fit, for both phases a Gaussian and Lorentzian stress parameter was also used which 
corrected the shape of the occurring peaks. Finally a preferred orientation was obviously present 
in the samples, as was to be expected for a pressed and sintered bulk material. The preferred 
ሺ111തሻ peak was therefore treated accordingly during the fitting process. To ensure the best 
solution would be found, we made use of TOPAS functions ‘continue_after_convergence’ and 
‘randomize_on_errors’ which shuffles up all fit parameters in order to avoid getting stuck in a 
possible local minimum. 
 
 
b a 
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SI, #4. Measurement of transformation start and finish temperatures by differential thermal 
analysis (DTA) and differential scanning calorimetry (DSC) 
 
To determine the characteristic thermal properties of the samples investigated in the main 
article, each concentration was measured in DTA with a temperature change of 10 K min-1 for 
the heating and cooling segment respectively. All values where determined by using the onset or 
tangent method. The crossing of the tangent at the highest slope and the tangent of the baseline 
before/after the transformation peak is giving the time and therefore temperature of the 
transformation start and end. While DTA investigations were used for every sample with 
transition temperatures above 150 °C, the x = 0.6 sample had to be measured in a DSC which 
provide the possibility to see transformations at much lower temperatures than was possible in 
DTA. A typical DTA and DSC measurement is given in Fig. S4 which consists of a heating 
segment in which the endothermic martensite to austenite transformation is visible and a cooling 
segment which usually shows the exothermal austenite to martensite transformation. 
 
Fig. S4. Thermal analysis measurement curves for (a) x = 0.735 as measured by differential 
thermal analysis and (b) x = 0.6 as measured by differential scanning calorimetry. The 
transformation peaks are highlighted by tangents for use in determination of transformation 
temperatures. 
 
By using not only As and Ms but only Af and Mf for the determination of the thermal 
hysteresis as explained in the main article, the value also contains some information about the 
width and thereby temperature range a particular transformation is happening. 
As thermal methods are sensitive to the chosen rates in temperature change, for all 
measurements the regions of interest are situated in segments with constant 10 K/min heating 
and cooling rates and the devices were previously calibrated to that specific rate as well. In the 
case of DTA measurements, the reference material against which the samples were measured is 
Al2O3 which shows no phase change in the investigated temperature regime. For DSC the 
reference is an empty pan which was prepared exactly like the one containing the sample 
material during the measurement. While each DTA and DSC device might produce a slightly 
different result for the measured temperatures due to a multitude of factors that can influence the 
measurement, those errors can be assumed to be constant over the course of one particular 
measurement. Therefore, even though the values for As/Af and Ms/Mf might deviate from one 
measurement to the next, the hysteresis width will be consistent. 
b a 
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SI, #5. Observation of Dislocation using TEM-DF in High-Hysteresis Sample 
 
 
Fig. S5. (a) BF image of x = 0.6 high-hysteresis sample, where a dislocation is indicated by small 
arrows. (b) DF image of the same region with indicated diffraction vector, where the dislocation 
in BF has disappeared by the invisibility condition. (c) DF image of a different diffraction vector, 
where the dislocation is visible again. 
 
The existence of dislocation in our high-hysteresis sample is confirmed through TEM BF 
and DF images. Fig. S5 provides the comparison of one dislocation in (a) BF condition and (b-c) 
DF condition with different diffraction vector. The disappearance of the dislocation in Fig. S5(b) 
indicates that it is a dislocation that has met the invisibility condition.  
 
 
SI, #6. EBSD Mapping and Retained Austenite Phase Fraction 
 
 
Fig. S6. EBSD phase mapping overlaid on band contrast for (a) x = 0.6 (ΔT = 315 K) and (b) 
x = 0.735 (ΔT = 120 K) samples show that the higher hysteresis sample has a lower count of 
tetragonal phase grains; the scale bar is 10 μm. (c) Tetragonal phase content as a function of 
normalized ΔT, which follows an exponential increase with higher normalized hysteresis. (d) 
Inverted Pole Mapping along the sample surface normal of multiple Martensite grains show a 
range of twin domain widths; the scale bar is 2 µm. 
 
EBSD results at room temperature (RT) reveal the coexistence of martensite and retained 
austenite. Fig. S6(a-b) contains two examples of the phase mapping on the surface of x = 0.6 and 
x = 0.735 samples, where each grain contains a single phase which implies that they do not 
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contain any austenite(retained)-martensite habit planes at RT. Fig. S6(c) provides the relative 
fraction of the retained austenite phase, calculated as the area occupied by austenite on the 
surface of each sample. This plot reveals an exponentially increasing trend in the austenite 
fraction as a function of normalized ΔT, with a minimum of 8.9% at a concentration of x = 0.735 
(∆T = 120 K) and a drastic increase to x = 0.827 as the concentration of Zr0.5Hf0.5O2 decreased to 
x = 0.6 (∆T = 315 K). This is a direct result of the change in compatibility as a function of 
composition and the readiness of phase transformation during cooling in lower hysteresis 
samples. Fig. S6(d) shows the typical microstructure in multiple Martensite grains containing 
twin domains of width as small as 0.1 µm. 
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SI, #7. 3D Shape Recovery of Single-Crystal Particles through Image Correlation 
 
 
Fig. S7. (a-d) SEM images of the same low hysteresis particle from 4 different angles, rotated 
90 degrees clockwise sequentially. (e) reconstructed 3d image of particle. 
 
Using images taken of the same particle from different angles, shown in Fig. S7(a-d), points 
on the particle were mapped to their actual position in 3d-space using simple image correlation. 
The resulting 3d-reconstructed particle (consisting of identified sharp corners as correlated points 
in space) is shown in Fig. S7(e). This process is carried out for both low hysteresis and high 
hysteresis particles in their original, post-compression, and post-heating states. Fig. S8(a) shows 
the reconstructed low hysteresis particle post-compression (dark grey) compared to its original 
shape (transparent), where the particle has become shorter due to compression and expanded 
horizontally. Fig. S8(b) then shows the particle after heated (dark grey) compared to its 
compressed state, where the particle clearly regains its height and shrinks in the lateral direction. 
Similarly, the high hysteresis particle becomes shorter after compression (Fig. S8(c)) but does 
not recover to its original height after it was heated (Fig. S8(d)). 
 
a b 
c d 
e 
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Fig. S8. (a) Side view of 3d-reconstructed low-hysteresis particle in the compressed state (solid 
dark grey) compared to its original shape (transparent grey). (b) Side view of reconstructed 
particle after being heated (solid dark grey) compared to its original shape, where the shape 
recovers to a large extent. (c) Side view of 3d-reconstructed high-hysteresis particle in the 
compressed state (solid dark grey) compared to its original shape (transparent grey) and (d) side 
view of reconstructed particle after being heated (solid dark grey) compared to its original shape, 
where the shape recovery is minimal. 
 
We map an average deformation gradient F for each deformed state using the original 
particle configuration as the reference, and calculate the corresponding stretch tensor through [2]  
 ܷ ൌ ൬ܨሺܨᇱܨሻିଵଶ൰
்
ܨ (8)[S2]
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